Blood and urine samples were obtained from 274 smelter workers and urine samples from 48 controls. Cadmium, f-microglobulin, and creatinine were estimated in blood and urine, and total protein in urine. Concentrations of cadmium in urine (mean 2.0 nmole/ mmole creatinine) and blood (mean 21.8 nmole/L) observed in the smelter workers confirmed that this group had absorbed more cadmium than the general population, but less than most other occupationally exposed groups studied. Mean .2-microglobulin in urine was not significantly different in the smelter workers and the controls. The mean total protein in urine was 20%o higher in the smelter workers, a difference which was significant (p=0.01). There was no consistent picture within the smelter workers of a relationship between history of cadmium exposure and the effect measures of 02-microglobulin in urine and blood, total protein in urine, creatinine clearance and relative 02-microglobulin clearance. Small but significant positive correlation coefficients were observed between cadmium in urine and 02-microglobulin in urine (r = 0.13), total protein in urine (r = 0.23) and 02-microglobulin clearance (r = 0.15), although these may be artifactual.
Introduction
While adverse health effects resulting from heavy past occupational and environmental exposure to cadmium have been amply documented, the relationship between long-term, low-level exposure to cadmium and early effect is less clear. With regard to occupational exposure, both tubular and glomerular dysfunction have been observed, mainly after more than 25 years exposure in workers whose cadmium concentration in blood exceeded 10 jg (90 nmole)/L and whose cadmium concentration in urine exceeded 10 jig/g (or nmole/mmole) creatinine (1) . A potential health risk for the general population has been suggested by a higher mortality from nephritis and nephrosis in long-term residents of a cadmium-polluted urban area with evidence of an increased body burden of cadmium (2) . However, in England, no significant health effects were found in long-term residents in an area with heavy cadmium pollution of soil and evidence of increased cadmium absorption (3).
T.U.C. Centenary Institute of Occupational Health, Lon- 7HT, England Cadmium concentrations in blood and urine are the only readily available indicators of absorption and accumulation, for in an equilibrium situation, blood cadmium is considered to be an indicator of average intake over recent months, while urinary cadmium with low or moderate exposure relates more closely to cadmium body burden. lIbular dysfunction, evidenced by low molecular weight (LMW) proteinuria is considered to be an early indicator of effect, and the radioimmunoassay method developed for the estimation of 02-microglobulin (4) has made this the most commonly estimated of the LMW proteins. However, 02-microglobulin is a fragile protein which degrades rapidly in acid urine (pH below 5.6) both when stored in the bladder and following collection. Different procedures for collection and handling urine samples prior to analysis have been responsible, at least in part, for variation in results between laboratories. In a study based on almost 1000 urine samples, probably the most comprehensive to be performed in the general population, urinary cadmium increased significantly with age, while the relationship between (2-microglobulin and age was ofborderline significance, with no increase in urinary P2-microglobu-lin with increasing urinary cadmium concentration (5).
In the present study, evidence of an early renal effect in relation to occupational cadmium exposure was sought by estimation of the concentration of 02-microglobulin and of creatinine in blood and urine and of total protein concentration in the urine. Exposure was assessed by study of the work environment, and indicators of recent absorption and of body burden were obtained by estimation of blood and urinary concentrations of cadmium, respectively.
Methods
The sample was selected from the current work force of a large primary smelter for the extraction and refining of lead, zinc and cadmium. This smelter is included in the national mortality study of cadmium workers in England now in progress (6) . All hourly paid male workers who were first employed before 1972, together with those currently employed on a cadmium process since that date, were requested to participate. A control group ofworkers without previous occupational exposure to cadmium but comparable in terms of age and length of employment was drawn from post office workers residing in the same region. All participants completed a questionnaire giving a full occupational and smoking history.
Timed urine samples were collected on a single occasion from all workers and on a second occasion from the controls after an interval of 3 days. A venous blood sample was taken from the exposed workers only. All samples were collected between 9 a.m. and midday. The pH of the urine samples was recorded and the urine immediately diluted to 1 in 10 with Barbitone buffer containing sodium azide as a preservative. An aliquot of each blood sample was centrifuged and the plasma diluted 1 in 200 with Barbitone buffer. All samples were refrigerated before transport to the laboratory.
The 02-microglobulin concentration in plasma and in urine was measured by radioimmunoassay using the Phadebas p2-micro test (4) . All determinations were performed in duplicate. Accuracy and precision were within the limits given by Schaller (7) . Creatinine concentrations in plasma and urine were estimated on the Autoanalyser by using the standard Jaffe's method. Tbtal urine protein concentration was estimated by a modified Bio Rad dye-binding method (8) . Cadmium concentrations in blood and urine were determined by electrothermal atomization and atomic absorption spectrophotometry. The procedure described by Stoeppler and Brandt (9) was followed. The laboratory participated in a national quality control scheme and in the IUPAC interlaboratory comparison exercise (10) . Blood lead estimations were performed by atomic absorption spectrophotometry by using the punched disc technique of Cernik and Sayers (11) . Three Table 2 to be low for the smelter workers and controls. Volume of sample, time over which sample was collected, and creatinine concentration are similar in the two groups. Geometric means of cadmium concentration in urine are shown in Table 3 for the controls (both samples combined) and smelter workers and of cadmium in blood for the smelter workers. The mean cadmium in urine concentration is significantly higher in the smelter workers (p < 0.001).
Since age, smoking and exposure are all possibly related to cadmium concentration in urine and blood, the effect of one can only be considered after accounting for the others. This was done using analysis of covariance, with exposure accounted for by indices of both current and cumulative exposure. Age is significantly positively correlated to cadmium concentration in urine in the controls (p -0.01), and cadmium concentration in urine (p < 0.001) and blood (p < 0.001) in the smelter workers, after accounting for all other factors.
The effect of smoking on the mean concentration of cadmium in urine in the controls is shown in Table 4 . The current smokers have a signifi- For cadmium concentration in urine in the smelter workers, the pattern is similar, but the difference between cadmium concentrations in smokers and nonsmokers is much greater in the smelter workers (1.0 nmole/mmole creatinine) than in the controls (0.3 nmole/mmole creatinine), suggesting an interaction between industrial exposure and smoking. The effect of smoking on the concentration of cadmium in blood in the smelter workers presents a similar pattern (Table   5) .
Mean cadmium in urine concentrations in relation to the, department in which the subject worked at the time of sampling is shown in Table 7 shows means for groups crudely classified by duration of exposure, and by intensity as defined for the mortality study. The medium group means are significantly higher than those of the "always low" group. For cadmium in urine, the medium group with more than 10 years exposure shows a significantly higher mean than does the group with less than 10 years exposure, but this difference is much smaller and not significant for cadmium in blood, to be expected if cadmium in blood reflects only recent exposure. Again the medium group means are significantly higher than those of the "always low" group.
The relationship between cadmium in urine and blood and the continuous variables of current and cumulative exposure to cadmium, computed from work histories, are best considered by means of regression analyses. Regression coefficients, their standard errors and associated p values are given in Table 8 .
Current exposure is the only significant exposure measure for cadmium in blood, as we expect, but also, less expected, current exposure appears to be the stronger predictor for cadmium in urine, although here cumulative exposure is also significant.
Lead in blood in the smelter workers had an overall mean of 48 gg/100 mL, with a standard deviation of 15 gg/100 mL. Lead exposure is largely separate from cadmium exposure. Blood lead and blood cadmium levels in the entire plant were not correlated, so that cadmium and lead effects may reasonably be investigated separately.
Means of blood and urinary estimations of effect measures are shown in Table 9 . The difference between the mean concentration of 02-microglobulin in urine in the smelter workers and the controls is not significant. The small difference in the concentration of total protein is, however, significant at the 1% level.
A logarithmic plot of urinary ,B2-microglobulin against pH is shown in Figure 1 . The familiar pattern of low 32-microglobulin concentrations with low pH is clear. The pH at which degradation begins to occur was estimated by likelihoodbased methods (13) job and to the "always low" vs. medium classification suggested no pattern indicative of a cadmium effect. For example, mean 2-microglobulin in urine, relative ,32-microglobulin clearance, and total protein concentration in urine were similar in the "always low" and "medium, > 10 yr" groups, and slightly lower in the "medium < 10 yr" group, a possible confounding effect of age. These differences are not significant. Dose-response analyses, on taking the 97.5 percentile in the controls as cut off levels for 2-microglobulin and for total proteinuria, were also carried out but are not reported here. Similar results to the dose-effect analyses were obtained.
Discussion
Cadmium in urine concentrations in the controls are similar to those found in unexposed populations in England (14) , the U.S. (5), a group of unexposed Belgian workers (1), and elderly women in an unpolluted area of Belgium (2). The overall level for the smelter workers is low compared to most industrially exposed groups studied, but above the levels found among elderly women in Liege, a polluted area in Belgium (2). The mean cadmium in blood concentration in the smelter workers is higher than that found in Liege women by a factor of 1.5, but again low compared to other occupationally exposed groups studied.
From our investigation of cadmium in blood and urine we may conclude that the smelter population as a whole has evidence of cadmium absorption above that of the general population, but lower than most industrially exposed populations previously studied. Some identifiable groups, however, showed somewhat higher absorption.
The mean P2-microglobulin concentrations uncorrected for pH found in the controls and the smelter workers in the present study are lower than those found in the U.S. population study (5) and the English study (14) quoted above. After correcting for pH our means are higher than those reported in the above studies however. Thus the search for dose-effect and some doseresponse relationships within the smelter population gave suggestive but not consistent evidence for the presence of a renal effect. We have noted that the smelter workers were also exposed to lead, but that the different distribution of lead and cadmium exposure enables the independent investigation of lead and cadmium effects. It is thus unlikely that relationships between renal function and cadmium exposure in the smelter workers would be obscured by an independent lead effect, or that spurious relationships would arise through such an effect. However, we cannot exclude the possibility that the increased mean urinary protein concentration in the smelter workers was related to lead absorption, although such an effect would not be expected at these levels of exposure. The relationship between lead exposure and renal function in the smelter population is being investigated further. We should note that the smelter workers were also exposed to zinc which has been suggested to act to protect against cadmium effects on the kidney.
Thus, the findings from this study, while suggestive, did not produce a consistent picture of an adverse renal effect as a result of low level cadmium absorption in this smelter population. If such an effect exists it is likely to be small. We plan to follow up this epidemiological study with further biochemical investigation and long-term follow-up of selected workers to delineate more precisely the presence of a renal effect at these low levels of exposure. 
